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Abstract—This study consisted of two parts. In the ﬁrst part, the contrast-transfer efﬁciency (CTE) in elastog-
raphy was extended to account for continuous changes of modulus distribution. It was shown that, for a ﬁnite size
background, the strain contrast approaches the modulus contrast in the case of Gaussian distributions. Thus, an
increase in the CTE was obtained. For a ﬁxed background size, it was shown that the CTE increases as the SD
of the Gaussian distribution increases. This property was explained by the redistribution of strain concentrations
at the inclusion/background interface. In the second part of the study, the CTE was veriﬁed experimentally. Six
gelatin/agar/water-based phantoms embedding inclusions with modulus contrast varying between 6 6 dB were
manufactured. It was shown that the modulus at the interface inclusion/background was continuous and, in turn,
resulted in an increase of the CTE as compared to the known case of a sharp boundary. The continuous
inclusion/background interface was explained by the existence of an osmotic pressure gradient. (E-mail:
Faouzi.Kallel@uth.tmc.edu) © 2001 World Federation for Ultrasound in Medicine & Biology.
Key Words: Elastography, Osmotic pressure, Strain, Elastic modulus, Contrast-transfer efﬁciency, Phantoms,
Gelatin, Agar, Ultrasound.
INTRODUCTION
Manual palpation has been used for centuries to detect
tissue abnormalities. Indeed, many pathologies of soft
tissue are detectable by a local change in their “stiffness”
(Anderson 1953). The most common examples are tu-
mors of the breast, prostate and other superﬁcial organs,
such as the thyroid and skeletal muscle. Although pal-
pation is effective in detecting superﬁcial and relatively
large tumors, it remains subjective. Over the last 20 yr,
several techniques have been proposed to automatically
detect information relative to tissue modulus (stiffness)
or mechanical attributes. These techniques were care-
fully reviewed (Gao et al. 1996; Ophir et al. 1996;
Plewes et al. 1999). The detected mechanical attribute
varied from one technique to another, depending on the
applied stimulus (vibration vs. static compression), the
underlying tissue mechanical model, and other factors.
For example, in elastography, change in the longitudinal
strain was often considered as indicative of change of
tissue modulus, assuming that the stress ﬁeld is uniform
in the region-of-interest (ROI) (Ophir et al. 1991). How-
ever, it is well known that this may not generally be the
case (Kallel et al. 1996). For example, stress concentra-
tions are known to occur at the interfaces of rapid
changes of elastic modulus (Ponnekanti et al. 1995;
Kallel et al. 1996; Bilgen and Insana 1998; Kallel and
Ophir 1998; Bishop et al. 2000). These stress concentra-
tions are a result of a redistribution of the strain energy.
As previously reported, this redistribution depends on the
geometry of the inclusion. Different contrast-transfer ef-
ﬁciency (CTE) curves have been reported for uniform
cylindrical and spherical inclusions (Ponnekanti et al.
1995; Kallel et al. 1996; Bilgen and Insana 1998). It has
been shown that spherical inclusions were characterized
by the lowest CTE (Bilgen and Insana 1998). The pre-
vious models of CTE have assumed a discontinuous
modulus change at the interface inclusion/background. In
practice, this condition of discontinuity may not always
be valid. For instance, in normal tissues, the change in
tissue structure may be gradual, which may also result in
a gradual change of modulus distribution. Moreover, the
previous studies of CTE considered the case of relatively
inﬁnite background size. In practice, the size of the
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1115background is ﬁnite and is set by the imaging system
ﬁeld-of-view (FOV).
A theoretical model of the CTE in elastography has
been derived by Kallel et al. (1996) for the case of
uniform cylindrical inclusions embedded in an inﬁnite
medium. The theoretical derivation corroborated the 2-D
ﬁnite element simulation obtained by Ponnekanti et al.
(1995). The CTE in dB was deﬁned as the difference
between the absolute value of the measured strain con-
trast in dB and the absolute value of the modulus contrast
in dB. The modulus contrast was deﬁned as the ratio of
the modulus of the inclusion to the modulus of the
background. The strain contrast was deﬁned as the ratio
of the strain in the background (at inﬁnity or at the edge
of the ROI) to the strain in the center of the inclusion.
This deﬁnition of contrast is valid, provided that the ratio
of the inclusion size to background size was not too large
(typically less than 0.25). The strain contrast as a func-
tion of the modulus contrast was given by eqn (29) in
Kallel et al. (1996). This equation is given by:
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where Cs is the strain contrast, Cm is the corresponding
modulus contrast and y is the Poisson’s ratio of both the
inclusion and the background. For incompressible mate-
rials (y 5 0.5), eqn (1) is reduced to:
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The CTE (dB) is given by the following equation:
CTE (dB) 5 ?Cs (dB)? 2 ?Cm (dB)? (3)
Bilgen and Insana (1998) have extended the theoretical
model of uniform cylindrical inclusions of Kallel et al.
(1996) to predict the strain contrast in terms of the
corresponding modulus contrast in the case of spherical
inclusions. Both uniform cylindrical and spherical mod-
els assumed a discontinuous transition of the modulus
contrast between the inclusion and its background. None
of these theoretical models was veriﬁed experimentally.
In this paper, using ﬁnite element (FE) simulations,
the CTE is studied in the case of ﬁnite size background
embedding inclusions with continuous modulus distribu-
tion at the interface inclusion/background. The experi-
mental veriﬁcation of the CTE is also described using
gelatin/agar-based phantoms.
MATERIALS AND METHODS
Simulation study
The simulation was divided into two parts. The ﬁrst
part consisted of extending the 2-D simulation results
obtained by Ponnekanti et al. (1995) to 3-D. This study
is useful to verify the validity of the plane-strain-state
assumption in the case of a ﬁnite size medium. The
second part of the simulation study consisted of evalu-
ating the CTE in the case of a continuous change of
modulus distribution across the interface inclusion/back-
ground.
The 3-D FE simulations were conducted using a
commercial linear stress analysis FE software package
(Algor, Inc., Pittsburgh, PA). The FE model consisted of
a 100 3 100 3 100 mm
3 cube embedding a uniform
cylindrical inclusion of 9-mm diameter and 100-mm
length. The simulated volume was divided into small
brick-like elements. Free slip boundary conditions were
assumed at the bottom and top surfaces. A uniform
displacement of 1 mm was applied, which resulted in an
applied strain of 1%. The inclusion/background modulus
contrast was varied between 6 6 dB. The strain contrast
was measured as the ratio of the longitudinal strain in the
center of the inclusion to the longitudinal strain at the
edge of the background.
To simulate a continuous distribution of moduli, an
FE software package written in Matlab (The MathWorks,
Inc., Natick, MA) and developed in-house was used. In
this case, the FE model consisted of a 2-D ROI of 100 3
100 mm
2 divided into small triangular elements. The
modulus distribution across this ROI was a Gaussian
distribution with varying modulus contrast and SD. The
modulus contrast was deﬁned as the ratio of modulus at
the center of the Gaussian distribution to the modulus of
the background, which was deﬁned as a constant. Free
slip boundary conditions were assumed at the bottom and
top surfaces. A Poisson’s ratio of 0.495 was assumed. A
uniform displacement of 1 mm was applied, which re-
sulted in an applied strain of 1%. The modulus contrast
was varied between 6 6 dB, and SD of 4, 8, 12, 16, 20
and 24 mm were considered. The local strain contrast
was measured as the ratio of the strain in the center of the
Gaussian to the strain in its tail. The Gaussian tail was
deﬁned at a distance more than 2 SD from the Gaussian
center. The size of the ROI was kept constant for all the
simulated cases, which represents a more practical con-
ﬁguration as opposed to the assumption of an inﬁnite
background. For comparison, the strain contrast for each
simulated modulus contrast level was predicted using the
theoretical model of eqn (1), which was derived assum-
ing an inﬁnite background.
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Phantoms embedding cylindrical inclusions were
prepared using a mixture of 225 Bloom gelatin (Kind &
Knox, Inc., Sioux City, IA) and agar (Sigma
®, St. Louis,
MO). The agar was used to elicit acoustical scattering.
The modulus contrast was obtained by changing the ratio
of gelatin concentration in the inclusion relative to that in
the background. A total of six phantoms were used.
Table 1 presents the relative gelatin/agar concentration
for each phantom. A cubic mold of 100 3 100 3 100
mm
3 was used to make the phantoms with cylindrical
inclusions. The cylinder was 9 mm in diameter. This
relatively small diameter was used to approximate the
conditions of an inﬁnite medium. The size of the digi-
tized ultrasonic image is limited in the lateral direction
by the transducer FOV to 40 mm, and in the axial
direction by the system memory capacity to 58 mm. The
appropriate gelatin/agar powder proportion was mixed
together. It was then mixed with the appropriate volume
of boiling deionized water while being manually stirred.
A low concentration of 0.5% of EDTA (LabChem, Inc.,
Pittsburgh, PA) was added to retard any bacterial growth
in the phantoms, thus extending their lifetime. The mix-
ture was then poured into the mold and kept refrigerated
for approximately 12 h at a temperature of 7°C. The 12-h
time interval before any use of the phantom was ade-
quate to achieve stable mechanical properties (de Korte
et al. 1997). After solidiﬁcation of the background ma-
terial, the hot gelatin/agar/EDTA/water mixture of the
inclusion, to which a food colorant was added, was
poured into the cylindrical cavity left in the mold. The
phantom was kept refrigerated at a temperature of 7°C
for approximately 12 additional h. After complete solid-
iﬁcation, the phantom was taken out from the mold and
refrigerated while submerged in water. The ultrasonic
imaging was conducted using a real-time linear array
scanner (Diasonics Spectra II, Santa Clara, CA) that
operates with dynamic receive focusing and a single
transmit focal zone centered around 30 mm, a center
frequency of 5 MHz and a 40-mm aperture. The linear-
array transducer was coupled to the gelatin sample via an
opening in a metal plate. During imaging, the phantom
was taken out of the water. The phantom was placed
under the transducer/compressor, slightly precom-
pressed. To apply a uniform strain, a compression plate
larger than the phantom was used. To achieve free slip
boundary conditions, cold water was used to wet the top
and bottom surfaces of the phantom. The resulting mea-
sured axial displacement was used to verify that slip
boundary conditions were achieved. In the case of non-
slip boundary conditions, the displacement proﬁles will
not be linear near the top and bottom surfaces. Two sets
of elastographic data were acquired. A ﬁrst set of data
was acquired from a plane perpendicular to the inclusion,
and the second set from a plane parallel to the inclusion.
When slightly precompressed, the total depth of the
phantom was 100 mm as evaluated from the sonogram.
A 1-mm vertical displacement was applied, resulting in
an average applied strain of 1%. During imaging, the
temperature of the phantom was around 10°C. Such a
low temperature was chosen to avoid any variation of the
modulus due to temperature variation in the phantom. It
has been shown that the modulus of a gelatin/agar-based
phantom remained constant at temperatures between 5
and 20°C (de Korte 1999). After imaging, the phantom
was returned to its container immersed in water and kept
in the refrigerator for further imaging. The imaging time
for each phantom was, at most, 15 min, which reduced
the possible variation in phantom temperature. Each
phantom was imaged at least 3 times over an interval of
10 days.
To test the reproducibility of the inclusion/back-
ground strain contrast for a given gelatin/agar concen-
tration ratio, two differents phantoms (manufactured
from freshly made gel mixtures) were made using the
same concentrations used for previously manufactured
phantoms. The new phantoms were imaged and the re-
sulting images were compared to the corresponding im-
ages obtained from the older identical phantoms.
The inclusion/background strain contrast was mea-
sured by estimating the average strain inside the inclu-
sion and the average strain inside the background. When
the elastogram was obtained from a plane perpendicular
to the inclusion, the average strain in the inclusion was
obtained from an ROI of 3 3 3m m
2 and the average
strain in the background was obtained from the average
Table 1. Relative gelatin/agar concentrations of the inclusion
and corresponding background for the six manufactured
phantoms
Agar
(% by weight)
Gel
(% by weight)
Phantom 1
Background 3 5
Inclusion 3 30
Phantom 2
Background 3 6
Inclusion 3 20
Phantom 3
Background 3 6
Inclusion 3 12
Phantom 4
Background 3 12
Inclusion 3 6
Phantom 5
Background 3 18
Inclusion 3 6
Phantom 6
Background 3 20
Inclusion 3 5
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2) at the two upper corners
of the elastogram. When the elastogram was taken from
a central plane parallel to the cylindrical inclusion, the
strain inside the inclusion was obtained from an ROI of
3 3 30 mm
2 and the average strain in the background
was obtained from two ROIs of 5 3 30 mm
2. All
elastograms were obtained using the same parameters,
which consisted of a window size of 4 mm with 85%
overlap. Prior to the estimation of the elastogram, global
stretching (Ophir et al. 1996) of 0.85% was applied to the
postcompression RF data. This stretching factor value
was empirically determined to result in overall good
quality elastograms.
For each phantom, cylindrical samples (70-mm high
and 50-mm diameter) were prepared and used to measure
the actual modulus contrast, as described below. For
each phantom, two samples were made, one using the
background gelatin/agar/EDTA/water mixture and an-
other one using the inclusion gelatin/agar/EDTA/water
mixture. These samples were made at exactly the same
time as the corresponding phantoms, using the same
gelatin/agar/EDTA/water mixtures. The samples were
immersed refrigerated in water.
The actual modulus contrast for each phantom was
obtained using an apparatus that consisted of a small load
cell (Entran Devices, Inc., Fairﬁeld, NJ) mounted on the
ultrasonic transducer holder. The load cell that was used
(ELFM) had a load range of 80 N. The motion of the
transducer holder in the z-axis (longitudinal axis) was
computer-controlled. A small program was written to
move the holder in the z-axis incrementally to a given
depth at a given speed. As the compressor was moving,
the signal from the load cell was digitized. Prior to any
measurement, the load cell was calibrated using an elec-
tronic balance (Setra, Texas Scales, Inc., Houston, TX)
and the reading was scaled to provide the force in N.
For every tested sample, the range of displacement
was set to 4 mm, which corresponded to an average
applied strain-range of 8% for an average sample depth
of 50 mm. Prior to the load-deformation test, the com-
pressor was slowly moved downward until a good con-
tact with the gel sample was established. This good
contact was obtained when the displayed sonogram was
uniform at the contact surfaces with the gel and when the
load reached a value of at least 5 N. The depth of each
sample at any resulting precompression level was then
estimated from the sonogram. The stiffnesses of the
inclusion and the background materials were estimated
from the respective slopes of linear least squares regres-
sion ﬁts to the stress/strain data points. The ratio of these
two slopes is equal to the modulus contrast between the
inclusion and its background. These measurements were
repeated at least 4 times over a period of 10 days and the
average value was used. After each measurement, the
diameter and height of each sample was measured to
determine any volumetric change.
RESULTS
Simulation results
Figure 1 shows three curves of the strain contrast vs.
the actual modulus contrast. One curve was obtained
using the theoretical model, eqn (1) when y 5 0.495, and
the second curve was obtained from the 3-D FE simula-
tion (solid line). The third curve (dashed line) represents
the ideal hypothetical situation where the strain contrast
is equal to the modulus contrast. It is clear from Fig. 1
that the 3-D simulations of a uniform cylindrical inclu-
sion embedded inside a ﬁnite size background closely
match the theoretical results obtained from the analytical
solution of the elasticity equation derived for a plane-
strain-state problem. This also demonstrates the validity
of the plane-strain-state assumption for this particular
model.
Figure 2 shows the grey-scale image of a Gaussian
modulus distribution and the corresponding image of its
longitudinal strain distribution (Fig. 2b). Figure 2c shows
a modulus distribution of a uniform cylindrical inclusion
with sharp boundaries that is embedded inside a homo-
geneous background, and the corresponding longitudinal
strain distribution is shown in Fig. 2d. Note the reduced
strain concentrations in the case of the Gaussian inclu-
sion compared to the case of the uniform cylindrical
inclusion. Particularly, note that the bright areas at 45°
and the upright bright cross in the strain image at the
interface of the uniform cylindrical inclusion with its
background (Fig. 2d, arrow and arrowhead) disappeared
or faded in the strain image of the Gaussian distribution.
Fig. 1. Strain contrast vs. modulus contrast for a uniform
cylindrical inclusion. (z—) Strain contrast as predicted using
the theoretical model, eqn (1) with y 5 0.495; (1) strain
contrast as measured from a 3-D FEM of a uniform cylindrical
inclusion; (– – –) hypothetical ideal case when the strain con-
trast is equal to the modulus contrast.
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strain concentrations at the interface are distributed over
a larger area in the background compared to the case of
the uniform cylindrical inclusion, where the strain con-
centrations are distributed much closer to the inclusion.
Figure 3 compares the strain images from Gaussian mod-
ulus distributions with varying SDs to strain images of
uniform cylindrical inclusions of different diameters.
Again, observe the reduction of strain concentration in
the case of the Gaussian distributions. The amplitude of
the strain concentrations of the Gaussian distribution
changes with the Gaussian SD, as opposed to the case of
the uniform cylindrical inclusion, where the amplitude of
the strain concentration remains practically constant. The
plots of Fig. 4 better illustrate this difference. It is be-
lieved that this variation of strain concentration ampli-
tude is due to differences in the rate of modulus change
Fig. 2. Strain distribution of a Gaussian inclusion compared to
a strain distribution of a uniform cylindrical inclusion. (a)
Modulus distribution of a Gaussian inclusion. The modulus
contrast was 6 dB and the SD was 8 mm. (b) Strain distribution
due to the modulus distribution shown in (a). (c) Modulus
distribution of a uniform cylindrical inclusion. The inclusion/
background modulus contrast was 6 dB and its diameter was 8
mm. (d) Strain distribution of the uniform cylindrical inclusion;
the arrow and arrowhead point to strain concentrations.
Fig. 3. Strain distribution from different Gaussian distributions
compared to corresponding uniform cylindrical inclusions.
(a–c) First row, from left to right, the SD of the inclusion was
4, 8 and 12 mm, respectively. (d–f), Second row, from left to
right, the inclusion diameter was 8, 16 and 24 mm, respec-
tively. Images are displayed using the same strain dynamic
range (0–1.5%).
Fig. 4. Modulus and corresponding strain proﬁles taken from
the center of the modulus distribution and the center of their
corresponding strain distributions shown in Fig. 3. (a) Central
modulus proﬁle for Gaussian inclusions with different SDs.
(—) SD is 4 mm; (– – –) SD is 8 mm; (– —) SD is 12 mm. Note
that, for the three cases, the modulus levels at a value of 1 at the
edges of the background. (b) Central modulus proﬁle for cy-
lindrical inclusions with diameters of (—) 8 mm; (– – –) 16
mm; (– —) 24 mm. (c) The strain proﬁles were taken from the
strain images of the Gaussian inclusions (Figs. 3a–c). (—)
Strain proﬁle taken from the 4-mm SD Gaussian inclusion;
(– – –) strain proﬁle taken from the 8-mm SD Gaussian inclu-
sion; (– —) strain proﬁle was taken from the 12-mm SD Gauss-
ian inclusion. (d) The strain proﬁles were taken from the strain
images of the uniform cylindrical inclusions. (—) Strain proﬁle
was taken from the 8-mm diameter uniform cylindrical inclu-
sion; (– – –) strain proﬁle taken from the 16-mm diameter
uniform cylindrical inclusion; (– —) strain proﬁle taken from
the 24-mm diameter uniform cylindrical inclusion.
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slower variation of the modulus at the interface. In the
case of the uniform cylindrical inclusion, the inclusion/
background interface is characterized by a local discon-
tinuity of the modulus, which is independent of the
inclusion size (Fig. 4d). As shown by Fig. 5b, this
difference in the distribution of the strain around the
interface of Gaussian vs. uniform cylindrical-inclusions
resulted in a difference of the respective CTEs.
Figure 5a shows the strain contrast as a function of
the modulus contrast for different Gaussian distributions,
compared to the case of the strain contrast predicted for
a uniform cylindrical inclusion. As the SD increases, the
strain contrast approaches the modulus contrast (dashed
45° line). The Gaussian distribution with the smallest SD
resulted in a strain contrast curve similar to the one
predicted for a uniform cylindrical inclusion (dashed-
solid line). Therefore, as shown by Fig. 5b, the CTE
increases with the inclusion SD (degree of the smooth-
ness of the transition between the modulus of the inclu-
sion and its background). It was found that, for a ﬁxed
background size, the CTE reaches a maximum for a
given SD of the Gaussian inclusion, after which the CTE
starts to decrease. This decrease is explained by the fact
that, for such relatively large inclusion, the background
is not large enough to allow the relative modulus distri-
bution to level to a value of 1 as in Fig. 4a. We have
found empirically that this SD is approximately one
fourth of the background size. It is important to note that
marginal increase in the CTE was obtained when the
diameter of the cylindrical inclusion was increased from
8 mm to 24 mm. This was expected because as shown by
Fig. 4d, the strain in the background settles at almost the
same level for the three inclusions.
Experimental results
Figure 6 shows six elastograms obtained from six
different phantoms of varying inclusion/background
modulus contrasts. These elastograms were obtained
near the center of the inclusion in a plane perpendicular
to the long axis of the inclusion. The ﬁrst image (Fig. 6a)
corresponds to the stiffest inclusion and the last image
(Fig. 6f) corresponds to the softest inclusion. Figure 7
shows elastograms from the same phantoms obtained
from planes parallel to the long axes of the inclusions.
Figures 6 and 7 clearly show the variation of the inclu-
sion/background strain contrast from the stiffest to the
softest inclusion. The displacement ﬁelds corresponding
to the elastograms of Figs. 6 and 7 were linear (not
shown here), which means that the condition of free slip
boundary conditions was satisﬁed.
Figure 8 shows elastograms obtained from two dif-
ferent phantoms that had identical gelatin/agar/EDTA/
water compositions. As shown by Fig. 9, the strain
proﬁles obtained from the elastograms are identical
within the measurement SD. The strong resemblance of
these elastograms demonstrates the ability of the phan-
tom manufacturing process to produce phantoms with
consistent elastographic properties.
Fig. 5. (a) Strain contrast vs. modulus contrast obtained for
different Gaussian distributions and compared to the strain
contrast as obtained for a uniform cylindrical inclusion. Curve
(a) 5 the strain contrast for a 4-mm SD Gaussian inclusion;
curve (b) 5 the strain contrast for an 8-mm SD Gaussian
inclusion; curve (x) the strain contrast for a 12-mm SD Gauss-
ian inclusion; curve («) 5 the strain contrast as predicted by the
theoretical model for a uniform cylindrical inclusion; curve (d)
the hypothetical ideal case for which the strain contrast is equal
to the modulus contrast (45° line). (b) CTE vs. modulus con-
trast for the curves (a–d). Note that the CTE increases as the
Gaussian SD increases.
Fig. 6. Elastograms obtained from phantoms 1 to 6. The mea-
sured inclusion/background strain contrast was 6.8, 4.2, 2.8,
22.3, 23, 27.5 dB for phantoms 1 to 6 respectively. All
images are displayed using the same strain dynamic range
0–2%. These elastograms were obtained from central planes
perpendicular to the long axis of the inclusion. Note the dif-
ference in size of the stiff inclusion relative to the soft inclu-
sion. This difference may be explained by a swelling of the stiff
inclusions and a shrinking of the soft inclusions.
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strain curves obtained from a typical cylindrical gel
sample. The range of the applied displacement is equiv-
alent to a strain range of 0–8% (the precompressed
sample heights varied between 45 and 55 mm). The
cylindrical gel sample volumes varied between 192 6 19
cm
3. The 10% variation among the 12 gel samples (6
inclusion materials and 6 background materials) was due
to the fact that the amount of gel swelling varied depend-
ing on the gel concentration. The applied strain rate was
2% per s. It is evident that the phantom behaves as a
linear elastic material in this strain range and for this rate
of applied strain. The fact that the loading curve is very
close to the unloading curve means that there is no loss
of energy; the energy stored during the loading cycle is
fully restored during the unloading cycle. This is a prop-
erty of elastic materials. The fact that the loading curve
is a straight line means that the phantom behaves as a
linear material with a constant modulus that is propor-
tional to the slope of the line.
Figure 11 shows examples of loading stress-strain
curves obtained from four gel samples. The ﬁrst two
curves of the ﬁrst graph (Fig. 11a) were obtained from
gel samples of the inclusion and the background material
of phantom number 2 (Table 1). The slope (21 kPa) of
the line obtained from the inclusion material (stiff inclu-
sion) is larger than the slope (13.8 kPa) of the line
obtained from the background material. The second pair
of lines was obtained from the inclusion and the back-
ground material of phantom number 5 (Table 1). The
slope (11.5 kPa) of the line obtained from the inclusion
material is smaller (soft inclusion) than the slope (18.1
kPa) of the line obtained from the background material.
Figure 12a shows the estimated strain contrast from
the elastograms obtained from the six phantoms vs. the
modulus contrast as measured using the load cell setup.
From Fig. 12a, it appears that the estimated strain con-
trast is nearly equivalent to the measured modulus con-
trast. In other words, as shown by Fig. 12b, the estimated
CTE is close to 0 dB.
We hypothesize that the gradual nature of the
change of the modulus at the inclusion/background in-
terface may be used to explain the closeness of the strain
contrast to the modulus contrast. We further hypothesize
that the change at the inclusion/background interface was
due to an osmotic pressure gradient (Schott 1992), which
was caused by a concentration gradient between the
gelatin/agar/water mixture of the inclusion and that of
the corresponding background. This osmotic pressure
caused a swelling of the stiff inclusions and shrinkage of
the soft inclusions as a function of time. Indeed, a sys-
tematic increase of the size of the stiff inclusions and a
systematic decrease of the size of the soft inclusions
were observed. This change of the inclusion size is
illustrated in Fig. 13. It was also noticed that, in the case
Fig. 7. Elastograms obtained from the same phantoms of Fig. 6,
but from central planes parallel to the inclusions. All the images
are displayed using the same strain dynamic range 0–2%. Note
the difference in size of the stiff inclusion relative to the soft
inclusion. This difference may be explained by a swelling of
the stiff inclusions and a shrinking of the soft inclusions.
Fig. 8. Elastograms obtained from two different phantoms
having the same gelatin/agar/EDTA/water composition. (a–b)
The ﬁrst row shows the elastograms obtained from central
planes perpendicular to the inclusion; (c–d) the second row
shows the elastograms obtained from central planes parallel to
the inclusion. Observe the resemblance of these elastograms,
demonstrating the ability of the phantom manufacturing pro-
cess to produce phantoms with consistent elastographic prop-
erties. All the images are displayed using the same strain
dynamic range 0–2%. The phantoms were made 1 week apart.
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background around the inclusion had changed. This
background coloration was not very obvious in the case
of the soft inclusion. Both the coloration of the back-
ground and the change of the inclusion size are indicative
of an interaction between the inclusion and its back-
ground. Figure 14 demonstrates the change of the inclu-
sion size for both a soft and a stiff inclusion. The sono-
grams of Fig. 14 were obtained using an HDI-1000 (ATL
Ultrasound, Bothell WA) using an L4-7 linear array
transducer (center frequency was approximately 5 MHz).
As measured from the sonograms, the stiff and soft
inclusion diameters were approximately 15 mm and 10
mm, respectively. The difference in size between the stiff
and soft inclusions is also evident from the elastograms
of Figs. 6 and 7.
Figure 15 demonstrates the change of the stiff in-
clusion over a 6-day period. This ﬁgure shows four
elastograms and their corresponding sonograms. The ﬁrst
elastogram (Fig. 15a) was obtained 12 h after complete
Fig. 9. Average central strain proﬁles taken from the elasto-
grams of Figs. 8a and b. (—) Strain proﬁle taken from the
elastogram of Fig. 8a; (– – –) strain proﬁle taken from the
elastogram of Fig. 8b. The SD shows the strain variation across
a 4-mm wide region around the center.
Fig. 10. Loading (—) and unloading (– – –) stress-strain curves
obtained from a typical gel sample. Observe that the loading
and unloading curves overlap each other, suggesting that the
phantoms behave as elastic materials. Also, note that these
curves are linear, suggesting that the phantoms behave as linear
elastic materials.
Fig. 11. Example of typical stress-strain loading curves ob-
tained from homogeneous gel material samples used to manu-
facture phantoms with (a) a stiff inclusion and (b) a soft
inclusion. (—) Loading curve obtained from the inclusion
material; (– – –) loading curve obtained from the background
material. The slopes in (a) are 21 kPa and 13.8 kPa for the
inclusion and the background material respectively; the ratio of
these slopes is 1.52 and on a log scale is equal to 3.6 dB. The
slopes in (b) are 11.5 kPa and 18.1 kPa for the inclusion and the
background material respectively the ratio of these slopes is
0.63 and on a log scale is equal to 24 dB.
Fig. 12. (a) Estimated strain contrast from the elastograms of
the six phantoms vs. the corresponding actual modulus con-
trast, as measured using the load cell device and compared to
the theoretically predicted strain contrast for a uniform cylin-
drical inclusion. (– – –) Strain contrast as predicted by the
theoretical model for a uniform cylindrical inclusion; (E) esti-
mated strain contrast from the elastograms. The error bars were
obtained by averaging the different contrast values as obtained
from elastograms acquired from perpendicular and parallel
planes at different times over a period of 10 days. ({) Average
modulus contrast as estimated from the phantom material at
different times over 10 days. The SDs were small (less than
5%) and are not shown on the graph. This line is the 45° line
showing the hypothetical ideal case when the strain contrast is
equal to the modulus contrast. (b) Experimental CTE curve (E)
compared to the theoretical CTE curve (– – –) predicted for a
uniform cylindrical inclusion.
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elastograms (Fig. 15b, c, d) were obtained 3, 4, and 6
days later, respectively. The original inclusion diameter
was designed to be 9 mm. From the elastograms, the
diameter, deﬁned as the full-width at half-maximum,
varied between 13 mm (the ﬁrst day) and 20 mm (the
sixth day). As can be seen from Fig. 15, the strain
concentrations at the inclusion/background interface di-
minish over time. For example, the bright areas at 45°
around the inclusion (Fig. 15a) disappear in Figs. 15b–d.
Note that these strain concentrations are characteristic of
the uniform cylindrical inclusion shown in Figs. 2 and 3.
Furthermore, these strain concentrations are absent in the
case of a Gaussian inclusion (Figs. 2 and 3). This obser-
vation suggests that, over time, the inclusion/background
interface had been changing from an abrupt to a contin-
uous interface. The plots of Fig. 16 better illustrate these
changes at the interface. The change of the acoustic
backscatter contrast of the inclusion/background, as
shown by the sonograms of Fig. 15, is further evidence
of inclusion swelling. The reduction of lesion brightness
in the B-scan image may indicate the reduction of the
scatterer density due to an increased water volume and/or
scatterer size reduction due to the possible fragmentation
of the agar particles.
Figure 16 shows vertical strain proﬁles taken from
the elastograms of Fig. 15. The plots of Fig. 16 compare
central proﬁles taken from the elastogram (Fig. 15a) used
as a reference proﬁle (dashed line) and the corresponding
proﬁle taken from the elastograms of Fig. 15b–d. As can
be seen, the inclusion gradually increased in size with
time and the rate of the variation of the strain at the
interface inclusion/background decreased over time. It is
believed that the osmotic pressure gradient caused the
water to migrate from the background to the center of the
stiff inclusion (higher gelatin concentration). The result-
ing pressure increase was elastographically detected as a
reduction in the strain. This reduction in the strain is
equivalent to an apparent increase of the gel modulus. In
the case of the soft inclusions, the osmotic pressure
caused the water to migrate from the center of the inclu-
sion (low gelatin concentration) to the background. The
pressure decrease around the soft inclusion was elasto-
graphically detected as an increase in the strain, which is
also equivalent to an apparent decrease of the gel stiff-
ness. As shown in Fig. 16, the changes in the strain
(stiffness) at the inclusion/background interface appear
asymmetrical. This asymmetry may be explained by the
effect of gravity, which may, in turn, have caused a
directional increase of the pressure gradient. The effect
Fig. 13. Picture of a slice from a typical phantom with a stiff
inclusion. This picture was taken when the phantom was about
2-weeks old. The inclusion’s diameter, as evaluated from the
picture, is about 15 mm. Note the asymmetrical coloration of
the background around the inclusion. The top surface was in
contact with the transducer during ultrasonic imaging. The
initial size of the inclusion was 9 mm.
Fig. 14. Elastograms and corresponding sonograms from stiff
and soft inclusion phantoms. (a) Elastogram of the stiff inclu-
sion; (b) sonogram of the stiff inclusion; (c) Elastogram of the
soft inclusion; (d) sonogram of the soft inclusion. Note that, as
shown by both the elastograms and corresponding sonograms,
the soft inclusion is smaller than the stiff inclusion. The stiff
inclusion has an average diameter of 15 mm and the soft
inclusion has an average diameter of 10 mm. These images
were obtained when the gel phantoms were about 2 weeks old.
The size of the images is 38 3 76 mm
2.
CTE for continuously varying tissue moduli l F. KALLEL et al. 1123of gravity is also evident from Fig. 13, which shows that
the coloration of the background was asymmetrical. The
gel phantoms were stored so that the top surface was the
surface in contact with the transducer during imaging.
DISCUSSION AND CONCLUSION
The CTE is an important concept in elastography. It
relates the longitudinal strain contrast to the correspond-
ing modulus contrast. It was ﬁrst theoretically derived for
uniform cylindrical inclusions by Kallel et al. (1996) and
was extended to uniform spherical inclusions by Bilgen
and Insana (1998). For both models, a sharp transition of
the modulus was assumed at the inclusion/background
interface. In this study, we have shown by using simu-
lations that, in the case of a continuous and smooth
transition of the modulus at the inclusion/background
interface, the strain contrast approaches the modulus
contrast and the strain concentrations are diminished. In
other words, the value of the CTE for the continuous
boundary case is elevated in comparison to the abrupt
boundary case. Due to a lack of an analytical solution of
the elasticity equation for the case of a continuous mod-
ulus distribution, ﬁnite element analysis was used. A
Gaussian modulus distribution was used as a model.
The results of the ﬁnite element simulation were
conﬁrmed by strain and modulus contrast measurements
acquired from gelatin phantoms. Although the continuity
of the modulus at the interface inclusion/background
could not be measured from the phantoms, it was in-
ferred from a detected continuous smooth change of the
strain at the inclusion/background interface (Fig. 16).
This deduction is justiﬁed because the modulus is de-
ﬁned as the ratio of stress to strain. Therefore, for the
same boundary conditions (as in Fig. 15), any local
change in the stress or the strain is equivalent to a local
change in the modulus. The detected smooth variation of
the strain at the inclusion/background interface resulted
in strain contrast approaching the independently mea-
sured modulus contrast. The modulus continuity at the
interface resulted in an increase of the measured CTE;
the strain contrast was closer to the modulus contrast.
For the gelatin/agar phantoms used in this study, the
smoothness of the modulus at the inclusion/background
interface increased as a function of time. This change
was explained by an osmotic pressure gradient at the
inclusion/background interface. In the case of the stiff
inclusion (high gelatin concentration), the water mi-
grated from the background toward the inclusion, caus-
ing a pressure increase and swelling of the inclusion,
which was elastographically detected as a strain decrease
(stiffness increase). In the case of the soft inclusions
(lower gelatin concentration), the water migrated from
the inclusion toward the background, causing a pressure
decrease that was elastographically detected as a strain
increase (stiffness decrease).
As demonstrated in this study, elastography was
able to detect a continuous increase of swelling pressure
as a decrease in the strain, which is equivalent to an
Fig. 15. Elastograms and corresponding sonograms obtained
from the phantom with the stiffest inclusion obtained at differ-
ent times after manufacturing. (a) The ﬁrst elastogram and
sonogram were obtained 12 h after complete phantom solidi-
ﬁcation; (b) the second elastogram and sonogram pair were
obtained 3 days after complete phantom solidiﬁcation; (c) the
third elastogram and sonogram pair were obtained 4 days after
complete phantom solidiﬁcation; (d) the fourth pair of elasto-
gram and sonogram was obtained 6 days after complete phan-
tom solidiﬁcation.
Fig. 16. Strain proﬁles taken from the center of the elastograms
of Fig. 15. The strain proﬁle from the elastogram shown in Fig.
15a is used as a reference proﬁle and is shown in dashed line
(– – –). (a) The reference proﬁle is compared to the proﬁle from
the elastogram of Fig. 15b (—). (b) The reference proﬁle is
compared to the proﬁle from the elastogram of Fig. 15c (—).
(c) The reference proﬁle is compared to the proﬁle from the
elastogram of Fig. 15d (—).
1124 Ultrasound in Medicine and Biology Volume 27, Number 8, 2001apparent increase of stiffness (Figs. 15 and 16). This is an
important result that suggests that elastography may be
used to monitor pressure changes in edematous tissue or
other poroelastic tissues. Another important observation
is that inclusion-bearing gelatin phantoms that involve
areas of different gelatin concentrations may be unstable,
due to osmotic changes and migration of the aqueous
fractions within the phantoms.
The phantoms made for this study contained low-
contrast inclusions ranging between 6 6 dB. They were
reproducible, but were characterized by a relatively short
lifetime (at most, 15 days). Formaldehyde may be used
to increase their lifetime (Schott 1992). However, form-
aldehyde-containing phantoms are known to be unstable,
as well, because their moduli change over a long period
of time due to steady polymerization of the gelatin ﬁbers
(Hall et al. 1997; Schott 1992). As suggested by Hall
(personal communication) glutaraldehyde may be used
to achieve a faster and more stable polymerization. Un-
derstanding the exact mechanisms of interaction at the
interface of varying gelatin/agar concentration may be
useful in controlling the modulus distribution at the in-
clusion/background interface. This was beyond the scope
of this study and may be the subject of future investiga-
tions. At this point, we may only state with certainty that
the stiff inclusions swelled and the soft inclusions
shrank. The swelling and the shrinkage were in all like-
lihood due to an osmotic pressure gradient caused by a
gelatin concentration difference. This time-dependent
swelling or shrinkage appears to have caused a smooth,
continuous transition of the strain at the inclusion/back-
ground interfaces.
The results obtained in this paper support the pre-
viously published results concerning the elastographic
imaging of low-contrast tissue (Kallel et al. 1998). It was
shown that the strain contrast values measured across
slices obtained from ovine kidneys were similar to the
independently measured low modulus contrast. In the
case of low elastic modulus contrast, the strain contrast is
equivalent to the modulus contrast. In other words, the
CTE at low modulus contrasts is close to a value of 0 dB
(Ponnekanti et al. 1995). Furthermore, as shown in this
paper, in the case of continuous modulus distribution, the
strain contrast further approaches the modulus contrast.
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